Synthesis and characterization of some novel symmetric bis-azospiropyrans are reported in this study. These bis-azospiropyrans are bifunctional chromophores with two spiropyrans linked by a bis-azo extended aromatic system that produce more color strength (large molar absorption coefficient in mero forms) due to appending two azospiropyran chromophores on one molecule. ) at the same conditions. Such high molar absorption coefficients confers high sensitivity to light and more color intensity of mero form, that leads to improvement of their light sensitivity and better discrimination of spiro (OFF) form from mero (ON) ones in molecular switches. The structures were deduced from their MS, FT-IR, and 1 H-NMR spectroscopic data and CHN analysis. All the synthesized photochemically bifunctional compounds revealed fluorescent emission in their colorless form which was faded out after exposing to UV light. Fluorescence quantum yield values of the mero forms were 0.25-0.81 and two high fluorescence quantum yield values (0.60 and 0.81) were found in these series.
Introduction
The design and synthesis of molecular-level devices with finely tunable photoresponse molecules and signal transduction capability is of the great scientific interest and intense activity in the fields of chemistry. In fact, photoresponsive systems with controllable light induced color, have a vast variety of applications due to their potential use in high level technologies such as sensors, [1] [2] [3] [4] [5] biology, 6 data recording, optical storage, optical switching, 7-10 displays, and non-linear optics. [11] [12] [13] Among the molecular switches, those with reversible ring closure have drawn much attention owing to the well-separated absorption bands of the two isomers. 14, 15 In the these molecules, spiropyrans are important classes with interesting unique molecular binding abilities and signal transduction functions. 8, 9, 16, 17 Since the stability and photosensitivity of a spiropyran are strongly dependent on the substituent, the investigation dealing with the effects of structural changes of the parent spiropyran is interesting.
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During the investigation of spiropyrans, a few bis-spiropyrans were also designed. The exploitation of such spiropyrans has led to the development of organic molecules with bifunctional chromophores in one molecule that are highly sensitive molecular switches. Two zwitterionic merocyanine units are provided with a more sensible system as they possess more sensitivity and molar capacity than mono spiropyran. 14 There are a few studies on bis-spiropyran systems and their unique properties, 8, 11, 14, [18] [19] [20] [21] [22] [23] but to the best of our knowledge, bis-azospiropyran systems have not been reported yet.
Hence, the current study was sought to synthesis of some novel symmetric bis-azospiropyrans, which two spiropyrans are linked by a bis-azo extended aromatic system, to produce more color strength (large molar absorption coefficient in mero form) by appending two azospiropyran chromophores on one molecule. In addition, some of novel bis-azo spiropyrans with high colorability were further investigated by colorimetric studies. Luminescence and switching kinetic of all the synthesized photochemically bifunctional compounds have been studied as well.
Experimental
General. Chemicals were purchased from Merck and used without further purification. mp: Büchi B-545 melting-point apparatus; UV/Vis Spectra: Multispec-1501-Shimadzu UV/ Vis spectrophotometer; IR Spectra: Perkin-Elmer-SpectrumOne-BX FT-IR spectrometer; in KBr; ν in cm 
H-and
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C-NMR Spectra: Bruker-500-Avance Fourier-transform (FT) NMR instrument, at 500 and 125.7 MHz, resp., in dimethyl sulfoxide (d 6 -DMSO) and CDCl 3 ; δ in ppm rel. to SiMe 4 , J in Hz. MS: Finnigan-Mat-8430 mass spectrometer; ionization potential 20 eV, electrospray ionization (ESI), pos. made; in m/z (rel. %). Elemental analyses for C, H, and N: Heraeus-CHN-O-Rapid analyzer. A 365 nm UV hand-held lamp (8 watt cm −2 ) were used as the excitation light sources for the photochromic ring-opening reactions.
Compounds 3a-e. 
Results and Discussion
Diazotization of aryl diamines including of p-phenylenediamine (1a), m-phenylenediamine (1b), 1,5-naphthalenediamine (1c) with subsequent coupling with salicylaldehyde (2a) or N,N-diethylaminosalicylaldehyde (2b) were led to the corresponding 3,3'-[aryl-n,m-diylidi(Z)diazene-2,1-diyl]bis(6-hydroxybenzaldehyde) derivatives 3a-e in high yields (93-96%) (Scheme 1). Afterwards, bis-azospiropyrans 4a-e were achieved in good yields (68-89%) by the coupling reaction of bis-salicylaldehyde derivatives 3a-e with Fischer's base, i.e. 1,3,3-trimethyl-2-methyleneindoline (Scheme 1). The structures of bis-azospiropyrans 4a-e and bis-azohydroxybenzaldehyde 3a-e were deduced from their MS, FT-IR, and 1 H-NMR spectroscopic data and CHN analysis. The peaks at 3413-3435 cm −1 in FT-IR spectra of 3a-e referred to O-H stretch; the azo groups were observed at 3320-3330 cm −1 . The Peaks at 2924-2971 and 1614-1627 cm −1 were for C-H (aromatic) and C=O stretch of aldehyde functional groups, respectively. The 1 H-NMR spectra for 3a-e, clearly showed a singlet signal at 7.65-8.57 ppm (2H) for two CH protons of phenyl rings of salicylaldehyde moieties, a singlet signal at 8.25-9.01 ppm (2H) for two CHO and a singlet signal at 13.12-13.34 ppm (2H) for two OH.
The absorption frequencies in FT-IR spectra of 4a-e revealed azo groups at 3321-3327 cm
; the peak at 2966 cm −1 was due to C-H (aromatic); the peak at 1601-1607 cm
was related to C(3)=C(4) stretch; the stretching vibration of the C(2)-N was observed at 1284-1313 and the C(2)-O stretching frequencies occurred at 1020-1078 cm
. The 1 H-NMR spectra for 4a-e, clearly showed two singlet signals at 1.25-1.35 ppm (6H) and 1.28-1.42 ppm (6H) for four CH 3 at 2 C(3)-(CH 3 ) 2 protons (Scheme 1). Close proximity of two CH 3 of indoline moieties (C(3)-(CH 3 ) 2 ) to the olefinic proton or oxygen moiety of the pyranyl group were made them magnetically non-equivalent. 7 A singlet signal appeared at 2.80-2.92 ppm (6H) for two N-CH 3 protons of 4a-e, which were chemically and magnetically equivalent. The olefinic protons of 4a-e revealed two doublets, one at 4.20-4.29 ppm for two H-C(3) with large coupling constants (J = 10.2-10.3 Hz), and the other for olefinic protons 2 H-C(4) at the aromatic regions. The former doublet for olefinic protons with large coupling is very characteristic of spiropyran system. The structures of expected products were further confirmed by the following evidences.
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H-NMR spectrum of 4a was monitored during the exposing to UV light in DMSO-d 6 and as it showed in Figure 1-3 . As expected, because of photoisomerization, the intensity of two singlets at 1.25 and 1.28 ppm for four CH 3 at 2 C(3)-(CH 3 ) 2 moieties in spiro forms was reduced, but the peaks at 1.10, 1.22 and 1.28 were emerged (comparing to the other peaks, integral of the latest one was two times more than the others) (Scheme 3). H-NMR spectra (DMSO-d6) of methyl groups of 4a before irradiation, and after successive UV irradiation (λ = 365 nm).
Furthermore, as it anticipated, the intensity of N-CH 3 groupsrelated peak at 2.8 ppm in the spiro form were reduced by increasing UV irradiation time, and due to producing of positive charge on the nitrogen atom in the indoline moiety in the mero form, the peak at 3.8 ppm was appeared (Fig. 2) .
Exposing 4a to UV light was led to mero formation which shifted the olefinic protons for two H-C(3) with large coupling constant (J = 10.2 Hz) from 4.20-4.29 ppm to 5.7 (J = 10.2 Hz) (Fig. 3) .
Spectroscopic Results. The molar absorption coefficients of 4a-e were measured and compared with spiropyran (5) and monoazospiropyran (6) which were synthesized according to reference [2] (Scheme 2) and the results are presented in Table 1 .
The absorption spectra of compounds 5, 6 and 4a were compared in CH 2 Cl 2 (C = 2 × 10
) after 5 min exposing to UV light as are shown in Figure 4 . The molar absorption coefficients of 4a-e, 5, and 6 are presented in Table 1 as well. Exposing to UV light for 5 min was found enough to produce maximum color strength (absorption) of the compounds. Initial concentration of the dyes (C = 2 × 10
) were applied to calculate their molar absorption coefficients in mero forms without correction.
The cis-trans isomerization of the azo-bonds is another possible photochemical process that leads to decrease of color intensity. As it showed in the following figure, we also found such reduction for 3a as bis-azo precursor of 4a (Fig.  5 ), but in comparison to immensely increased color intensities due to mero forms spiropyrans, it is well known that photochromism of azobenzene moieties of azo dyes has not considerable impact on the color change.
8,9,24-28
The molar absorption coefficient of a simple spiropyran such as (5) is . It is well-known that the ) before and after 20 min exposing to 236 nm UV light.
higher molar absorption coefficient leads to higher sensitivity and resolution, and distinguishes the spiro form from the mero ones in photochromic applications; we found that the molar absorption coefficients of the constructed bisazospiropyrans astonishingly surge to 2.3-3.8 × 10
. Photochromic Properties of 4a-e. Bis-azospiropyrans 4a-e were exposed to 366 nm UV light at rt, and their photochromic behaviors were studied by UV/Vis spectroscopy. Absorption at 450 nm within the first few seconds of UV light irradiation of the bis-azospiropyrans at 366 nm could be attributed to mero-spiro forms (b, Scheme 3). Kinetic of coloration was used to evaluate Sp-Mc and Mc-Mc phases of molecules with assumption that permanent existence of mono form; so, it would be rational to expect a first order kinetic of coloration. 29, 30 The results showed a non-first order kinetics which supports double open form (Fig. 6 ). Particularly, an inflection point after the first 12 min is an evidence of the second spiropyran opening.
The longer irradiation causes 90-100 nm additional bathochromic shifts which denote creation of mero-mero forms (c, Scheme 3) with absorption at 540-550 nm (Fig. 7, 4a-d  sections) . The spectroscopic studies were performed in CH 2 Cl 2 , except 4e which was soluble in MeCN (Fig. 7, 4a -e, left sides). As shown in Figure 7 , compound 4e revealed different responses during exposure to 366 nm UV light. Heating all the mero-mero forms up to 122-125 were reversed them to their corresponding spiro-spiro forms (Fig.  7, 4a-e, right sides) . The difference between the absorption of maximum wavelength of closed and open photoisomers 4a-e is about to 200-250 nm (Fig. 7) .
Solvatochromic Effects. Eight different solvents were assessed to find solvent effect on the maximum wavelength absorptions of the mero forms for 4a-e. The maximum shifts over the different solvents were presented in Table 2 and as it noted, the most solvatochromic shift was observed in 4e (45 nm) and 4a-d showed less solvatochromic shift about 11 nm. It should be noted that 4a-e revealed negative solvatochromic effects which is characteristic of spiropyrans and it is resulted from decrease in dipole moments of the mero forms in the course of excitation. High-polarity solvents increase the stability of the ground state and so energy difference between the ground and excited states will be higher than solvents with low polarity. [31] [32] [33] [34] [35] Hence, negative solvatochromic behavior of the bis-azospiropyrans was investigated using different solvents, and the results are represented in Table 1 . Spectroscopic data of the bis-spiropyrans in mero forms Table 2 .
Fluorescence Properties of 4a-e. All the synthesized photoresponsive compounds 4a-e revealed fluorescent emission in their colorless forms (Fig. 8(a) ), which were faded out by exposure to UV radiation (Fig. 8(b) ).
As it shown in Figure 8 , with an excitation wavelength at 343-370 nm, photochromic dyes 4a-e revealed fluorescence emissions at 348-432 nm. The Stokes shift (cm
is an indicator of the difference in the properties and structure of the fluorophore between the ground state S 0 and the first excited state S 1 . The Stokes shift (cm (Table 3) .
The oscillator strength ( f ) shows the effective number of electrons whose transition from ground to excited state gives the absorption area in the electron spectrum. Values of the oscillator strength were calculated using Eq. (2) where Δv 1/2 is the half-band width of the absorption band (cm 
The values of 0.086-0.97 the oscillator strengths for close and open forms of spiropyrans 4a-e are revealed in Table 3 . The fluorescence quantum yield (Φ F ) is the ratio of photons absorbed to photons emitted through fluorescence. As a result, the quantum yield gives the ability of molecules to emit the absorbed light energy. The quantum yield of spiropyrans were calculated using Eq. (3) and 1,1,4,4-tetraphenyl-1,3-butadiene (Φ ref = 0.7) as a reference, A sample , S sample , n sample and A sample , S sample , n sample are absorbance at the excitation wavelength, the integrated emission band area and the refractive index of the sample and reference, respectively.
The high fluorescence quantum yield values were obtained for 4b (0.60) and 4e (0.81) in the mero forms. The energy yields of fluorescence E F for spiropyrans 4a-e were also calculated by Eq. (4) and the results were reported in Table  3 . In the mero forms the energy yield of fluorescence for 4a-e were obtained 0.23-0.77.
Conclusion
Therefore, although the spiropyrans are well-known photochromic compounds and azo spiropyrans has not been studied comprehensively, but photochemically bifunctional thermo-and photochromic bis-azospiropyrans derivatives without any activating groups (ex. -NO 2 ), to the best of our knowledge, have not been reported yet and the current report is the first one, introducing novel photochemically bifunctional compounds were synthesized based on symmetric bisazospiropyrans, in which two spiropyrans are linked by a bis-azo extended aromatic system with great properties such as stability, and activity. Astonishingly, they produce more color strength (large molar absorption coefficient in mero form up to 2.3-3. , respectively), which means high sensitivity to the light and more color intensity of their mero form. In practice, it means that we have novel compounds for photoswitchs that possess improved light sensitivity and have superior discrimination power between spiro (OFF) and mero (ON) forms.
In addition, some of these novel bisazospiropyran derivatives revealed high fluorescence quantum yield values (0.60 and 0.81) in their spiro forms, that make them potentially suitable for photoswitch applications with high sensitivity and great resolution power using UV light. ). 
